The surgical correction of the transposition of the great arteries (TGA) is divided into three procedures by the methods of switching i.e., (1) intra-atrial, (2) intra-ventricular, and (3) via the great arteries. Arterial correction is considered as an ideal technique physiologically as well as anatomically. With the above in mind, twenty formalin-preserved hearts of TGA were used to carry out the following studies: (1) feasibility of coronary artery relocation, (2) feasibility of switching of the aorta and pulmonary trunk, (3) feasibility of the conduit procedure, and (4) effect of left ventricular hypoplasia.
via the great arteries have been devised in an attempt at overcoming the above problems. The arterial correction is performed either with or without relocation of the coronary arteries. The method for coronary artery relocation has been shown by Jatene,6) Idriss,7) and Balderman.8) The procedures without coronary artery relocation are represented by the Damus-KayeStansel,9)-11) Aubert,12) and Anagnostopoulos13) operations. Although a certain amount of success seems to have been obtained, these procedures failed to produce satisfactory results. In view of the above, the feasibility and indication of switching operations of the great arteries were studied using heart specimens.
MATERIALS AND METHODS
Twenty formalin-preserved hearts having atrio-ventricular valves and ventricular septum with TGA but without any abnormalities such as tricuspid or mitral atresia, common atrio-ventricular valve, single ventricle or malposition of the ventricle (19 1 case of situs inversus 1-loop 1-transposition) were used for the study (Table  I) . The time period ranged from 6 days to 13 months, with a mean of 106 days. The patients, whose hearts were studied, consisted of 14 males and 6 females. The complicated anomalies consisted of 6 atrial septal defects, 8 foramen ovales, 17 ductus arteriosus, 2 pulmonary stenosis, 1 aortic stenosis, 3 interruptions of the aorta, and 3 coarctations of the aorta. When divided by the classification of Kidd et al, 14) 8 cases belonged to Group I, 2 cases to Group II, and 10 cases to Group III, but there was none that belonged to Group IV. The applicability of the various operative procedures to all the heart specimens was individually evaluated according to the following items:
cases of situs solitus d-loop d-transposition and
(1) The origin and course of the coronary arteries. The classification of Shaher et al15) was used ( Fig. 1 ).
(2) The distances between the coronary ostium and commissure, and between the coronary ostium and bottom of the sinus (Fig. 2 ).16) ( 3) The distances between the coronary ostium and first branch, and between the first branch and the theoretically estimated renewed position of the ostium after the surgical procedure (Fig. 3) . Although "D" is not given in the illustration, it shows the shortest distance from the first branch to the pulmonary artery to serve as an important guide when the Jatene operation is deemed necessary. (4) The inside diameters of the aortic and pulmonary valvular rings, the distance between the aortic valvular ring and the origin of brachiocephalic trunk and the distance between the pulmonary valvular ring and the bifurcation of the pulmonary artery. (5) Feasibility of conduit interposition was assessed from the course of the coronary arteries on the anterior wall of the right ventricle.
(6) For the heart specimens complicated due to the ventricular septal defect, the applicability of the Rastelli operation18) was evaluated by determining the feasibile construction of an intracardiac tunnel on the basis of the type of VSD (Kirklin classification17)), the ratio of the VSD diameter to the aortic inside diameter and attachment of the papillary muscle of the conus.
(7) Ventricular hypoplasia was examined by measuring the right and left ventricle volume, their ratio, and the thickness of the muscle layer. The right ventricle volume was obtained by the prism method developed by Fisher et al. 19 ) The measurement of the left ventricular volume was achieved by using the method of Dodge et al20) in which the left ventricle was regarded as a spheroid. The applicability of all the surgical procedures was assessed by a combined study of the above 7 items. Determination of the most appropriate Fig. 3 . Distances from coronary ostium to first branch, and from first branch to theoretical new position.
surgical procedure for each heart specimen was also shown.
RESULTS
Item 1: Fig. 1 shows the type of coronary arterial anatomy of the specimens according to the classification of Shaher et al. Type 1 totals 15 cases, amounting to 75%, while the remaining 5 cases are distributed over the 2A, 4, 7A-2, and 7B types.
Item 2: The measurement data relating to the right coronary ostium are indicated by a, b, and c and those relating to the left coronary ostium by d, e, and f in Fig. 2 . The distances listed in this figure represent the lowest values for a, b, and c, and also d, e, and f to determine the feasibility of separating the coronary arteries at their origin with a flange or transecting the aorta without separating the coronary arteries, and without the risk of damaging the valvular ring. In 5 of the cases on the right side and in 1 of the cases on the left, the distance was below 3mm, which indicates the difficulty in infallible manipulation of the coronary arteries or aorta.
Item 3:
The distance A between the coronary ostium and the first branch and distances B, C, and D between the first branch and the theoretically estimated postoperative position of the new ostium were measured as shown in Fig. 3 to determine the feasibility of coronary artery relocation. Balderman et al8) regarded the difference between the two distances as an indicator of the feasibility. However, since a 6-day-old heart was too tiny to be considered for a palliative operation until it has grown to a size large enough to permit corrective surgery, the absolute value of the difference between the two distances was considered inappropriate as an indicator of the feasibility of relocation. Therefore, the values obtained by dividing the difference in the distance by the former distance were chosen as an indicator in this study, i.e., A-D/A for the Jatene operation, A-B/A for the simple relocation to an analogous site and A-C/A for the Idriss and Balderman operation. These were examined bilaterally and are shown in Table II . Relo- cation of the coronary arteries was regarded infeasible for the specimens where this value<-10%, taking into consideration the mobility of the branch at the time of a coronary artery dissection. Items (2) and (3) were combined together to search for the feasibility of the coronary artery relocation by respective methods. The Jatene operation proved feasible in 9 of the cases on the right side and in 10 of the cases on the left, with 6 cases bilaterally. The simple relocation proved feasible in 4 of the cases on the right side and in 2 of the cases on the left, with only a single case bilaterally. The Idriss and Balderman operation proved feasible in 9 of the cases on the right side and in 10 of the cases on the left, with 6 cases bilaterally.
Item 4: There were only a few cases among our heart specimens in which anastomosis was difficult due to difference in the diameters. The diameter was below 5mm in cases complicated with AS. A valved conduit was used but with difficulty, because the inside diameter of the pulmonary artery ranged between 6mm and 10mm. A wide incision of the bilateral pulmonary arteries distally from bifurcarion or utilization of a tapered conduit is required to have a successful anastomosis. Whether or not the switch repair is feasible or interposition of a prosthetic conduit is required depends on the distances between the bottom of the aortic sinus and brachiocephalic trunk, and between the pulmonary valvular ring and bifurcation. As shown Table III , the distance from the bottom of the aortic sinus to the brachiocephalic trunk was below 25mm in 3 of the cases and the distance from the bottom of the pulmonary sinus to bifurcation was below 15mm in 9 of the cases, suggesting difficulties in the switch operation of these vessels.
Item 5: Close examination of the course of the coronary arteries on the anterior surface of the right ventricle showed that the conduit procedure was difficult in 3 of the cases and infeasible in 5 of the cases as shown in Table IV . Abnormal course of the conus branch or anterior descending artery appeared as a factor associated with the operative difficulty. Abnormal development of the conus branch, transverse distribution of the right coronary artery on the anterior wall of the right ventricle as a branch from the left coronary trunk or abnormal course of the anterior descending artery seemed to be a factor associated with the operative infeasibility.
Item 6: The heart specimens collected for the present investigation included none that had VSD and PS (Group IV by Kidd's classification), and thus were unsuited for the application of the Rastelli operation. When classified by Kirklin's classification, 6 of the cases belonged to Type II, 2 to Type III, 1 to Type IV, 1 to Types I+III, but none to the genuine Type I. The position of VSD best suited for construction of the intracardiac tunnel is known to be from under the aortic valve to the supraventricular crest ,21) but none of our heart specimens fit the above condition. If VSD is positioned in the lower region of supraventricular crest, the position of attachment of the conal papillary muscle and the chorda tendinae of the septal leaflet is known to have a significant influence on the operation.21) The pattern of attachment of the tonal papillary muscle in our heart specimens was examined and divided into 3 types as listed in Table V , i.e.: (1) the conal papillary muscle is attached on the upper anterior region of VSD so that VSD is covered with chorda tendinae; (2) the conal papillary muscle is attached on the upper posterior region of VSD; and (3) the conal papillary muscle is attached on the lower margin of VSD. The first category did not seem to permit the construction of an intracardiac tunnel, except in one of the cases in which the intracardiac tunnel construction was rendered feasible by cutting the chorda tendinae and stretching it up after construction. In the second and third categories, the operation appeared possible though difficulties would be encountered. Only a VSD diameter which is more than 80% of the aortic diameter allows for the intracardiac tunnel construction.22) Among our specimens, only 6 were above 80%. However, even when the VSD diameter is below 80% of the aortic diameter, enlargement of VSD by excision of the septum without damage to the conduction system, may contribute to the construction of an intracardiac tunnel. Construction of the intracardiac tunnel seemed feasible by excision of the septum in a case of Type IV in which VSD was positioned near the intersection point of the conus septum, sinus septum, and trabeculated septum. Evaluation of the applicability of the Rastelli operation on the basis of the feasibility of the intracardiac tunnel construction in combination with the feasibility of the conduit procedure that although both RVEDV (right ventricle end-diastolic volume) and the cardiac output usually increase in TGA with VSD as compared with normal hearts, RVEDV/LVEDV was below 1 in 4 of the 12 cases. Concerning our heart specimens, Nos. 5, 14, and 19 had an extremely low VRV/ VLV ratio in which the right ventricle was considered incapable of tolerating the systemic pressure, making this operation hazardous for these cases. These 3 cases were, therefore, regarded as difficult cases. In the cases complicated with AS (No.14), repair of AS will face difficulties and even if successful, the hypoplastic right ventricle will be exposed to systemic pressures; therefore, this case was deemed unsuited for intra-atrial repair. The total 20 heart specimens were thus divided into 17 feasible cases, 2 difficult cases, and 1 infeasible case. The choice of the optimum operative procedure for all of the specimens is specified in Table VII . The heart specimens complicated with an interruption were excluded from listing. The Mustard or Senning operation appeared justifiable in 8 of the cases, the Jatene operation in 2 of the cases, the Rastelli operation in 1 of the cases, and the Damus-Kaye-Stansel operation in 6 of the cases.
DISCUSSION
Switching of the blood stream via the great vessels in TGA is an operation that already has some history behind it. In 1954, Bailey et al, 24) and in 1955, Kay and Cross25) attempted to switch the great arteries without relocating the coronary arteries. Mustard, 26) in 1954, made an attempt to switch the great vessels with relocation of only the left coronary artery to the aorta. Senning2) was the first who devised an anatomical surgical correction but his technique is difficult. Idriss7) followed up with a new innovational method but without success. Although Anagnostopoulos27) and Balderman et al8) produced interesting ideas, these were never applied clinically. Jatene6) succeeded in the relocation of the coronary arteries and switching of the aorta and pulmonary artery in May of 1975. This technique is being utilized at some institutions,28)-34) with rather poor results. The following may be the problems related to the Jatene operation: (1) how to achieve smooth and natural crossing of the two great vessels; (2) Problem 1: Forced crossing of the great vessels may frequently cause obstruction of the left coronary artery due to compression by the reconstructed pulmonary artery, resulting in death. Kawashima30) tried to avoid the tension and the consequent damage of the left coronary artery by a horizontal transection of the aorta and an oblique transection of the pulmonary trunk distally on the right sides of the trunk and proximally on the left and subsequent anastomosis of the distal stump of the aorta with the proximal stump of the aorta with the distal stump of the pulmonary artery on the left side. Starr, Lower et al28) also tried to do the same by transecting the proximal portion of the aorta as long as possible so that the anastomosed left coronary artery could be kept away from the reconstructed pulmonary artery. Ross31) and Yacoub et al32),33) used a homograft or Dacron tube for prevention of tension at the time of reconstructing the pulmonary trunk. The distances from the aortic origin to brachiocephalic trunk and from the origin of the pulmonary artery to the pulmonary bifurcation were short enough in many of our heart specimens to need some device for the switching of these Problem 4: This awaits further analysis. As mentioned above, the Jatene operation is subject to a number of anatomical restrictions. Especially the need for coronary artery relocation is thought to the cause that reduces the applicability of this method. The technique that does not involve coronary relocation was developed by Damus9) and Stansel.11) Kaye proved this technique feasible10) through his experiments using 6 heart specimens. This technique was termed the Damus-Kaye-Stansel operation, the name of the operation being taken from their names. The clinical application was initially attempted by Alvarez but the patient died. McGoon was the first to succeed but the patient later died of congestive heart failure (personal communication by Danielson, G.K., 1978) . Danielson39) has so far succeeded in keeping 3 of the patients alive for a long period of time. Yokota et al40) also reported their cases. However, the following problems exist when using this technique: (1) need of a valved conduit; (2) successful anastomosis of the aorta and pulmonary artery; (3) management of the aortic valve, and (4) a long-term follow-up.
Problem (1): The risk of causing deterioration to the cardiac function by damaging the all important coronary arteries should be avoided by all means when suturing up the valved conduit onto the anterior wall of the right ventricle. The anatomy of the coronary arteries in TGA was studied by Eliott,41) Rowlatt,42) and Shaher15) who showed that the coronary artery patterns are anatomically represented predominantly by two types, i.e.: (1) the left coronary artery originating from the left sinus and the right from the posterior sinus; and (2) the right coronary artery and left circumflex artery originating from the posterior sinus and the anterior descending branch from the left sinus. Eighty % (16 cases) of our specimens were found to fit one of these types (type (1) 15 cases and type (2) 1 case). Anderson et al43) ascribed the cause of coronary injury during operation to indistinct anatomy of the coronary arteries due to adhesion as result of the previous surgery and abnormal coronary morphology on the anterior wall of the right ventricle. Eight cases, 40% of our specimens, proved either difficult or infeasible. The inside dia- meter of the pulmonary artery ranged between 6mm and 10mm, not permitting direct suturing of the ready-made valved conduit. Widening of the anastomosis orifice by incision of the pulmonary arteries distally from bifurcation or utilization of a tapered conduit was required. However, in spite of such a device, a conduit of only limited size can be used and replacement of the conduit becomes necessary as a result of growth. Subramanian44) proposed use of 2 bifurcation grafts. A valve was sutured between the thick stumps of the bifurcation grafts and two of the four thin distal stumps were anastomosed to the pulmonary artery and anterior wall of the right ventricle, keeping the remaining two stumps clamped for future use. These remaining two stumps can be anastomosed to the pulmonary artery and anterior wall of the right ventricle when necessary after growth. This method is advantageous in eliminating the need for replacing the whole conduit. However, his proposal has the disadvantage of causing an overload to the right ventricle, because the space in the conduit is functionally a dead cavity.22)
Problem (2): Damus,9) Kaye,10) and Stansel11) devised a means for facilitating end-to-side anastomosis by transecting the pulmonary trunk as close to the bifurcation as possible and cutting the proximal stump of the pulmonary trunk obliquely. The heart specimen operations, however, showed that kinking and obstructions are liable to occur in the anastomosed region, and therefore, side-to-side anastomosis is recommended as a preventative step.44) An anastomosis orifice should be as large as possible, taking into consideration the growth of the patients. A transaortic approach may facilitate anastomosis from the positional relation of the pulmonary artery and aorta.
Problem (3): Suturing up of the aortic valve has been considered unnecessary, because the aortic valve maintains constant closure due to the pressure differences between systemic pressure and the right ventricular pressure that carries out lung circulation. However, the occurrence of aortic regurgitation necessitated closure by suture.
The Damus-Kaye-Stansel operation, like the Jatene operation, should be avoided in the case of left ventricular hypoplasia.
The foregoing analysis shows that the Damus-Kaye-Stansel operation was feasible in 9 of our heart specimen cases (45%) with less anatomical restriction as compared with the Jatene operation. There are only three anastomotic sites involved and all of the procedures are relatively simple. The Aubert operation was introduced in 1978 and success was gained in 2 of the 4 cases.12) In spite of the presence of problems relating to the material to be used for construction of the tunnel from the aortopulmonary window to the coronary arteries, future stenosis of the reconstructed pulmonary trunk and the complicated time-consuming procedures, use of a conduit without coronary relocation are thought to be advantageous justifying the necessity for future research concerning this method.
The arterial correction involves the use of a prosthetic conduit which may necessitate another operation to replace the conduit due to the growth of the patients to prevent stenosis. Even though there still remain various problems to be solved such as whether the anastomosed sites will be able to stretch with the growth of the patient or a possible obstruction, arterial correction still remains ideal both physiologically and anatomically and highly worthy of continued research. Further investigations are needed before determining whether or not this procedure will be able to replace the intraatrial baffle procedure.
